A global energy market model (GEM) is used to analyze the market shares (i.e. the primary energy mix) of gases, liquids and solids in Asia Pacific. The model is successful in matching the historical energy mix from 1850 to 2009. The model also provides a good match of the hydrogen to carbon ratio, which is a proxy for environmental quality. Given these validations, the GEM is then used to present scenarios of the Asia Pacific energy mix and hydrogen to carbon ratio until the year 2030. Three energy mix scenarios are presentedreference case; alternative case 1; alternative case 2. The reference case assumes limited divergence from current policies and technologies. It indicates that Asia Pacific energy needs will be met by approximately 46% solids, 34% liquids, and 20% gases by 2030. Alternative cases 1 and 2 represent policies and technologies that either encourage or discourage the use of gases. The good matches observed for historical data suggest the GEM can be used cautiously for evaluating outcomes and opportunities in the region. Although the model can be used for projecting far into the future, it is currently calibrated to what we consider a reasonable time horizon -until the year 2030. Given appropriate energy policies and sufficient technological advancement, the importance of natural gas in the region could increase significantly.
Introduction
In Asia Pacific, economic growth has been primarily fueled by coal and oil. As the region continues to grow, natural gas has the potential to play a significant role in satisfying energy demand. Increased use of gas will help to reduce dependency on oil and coal, which may result in increased energy security and reduced environmental impact.
Several obstacles must be overcome in order to reap the benefits from natural gas use. Some of these include limited gas delivery infrastructure, lack of competition and transparency, high transportation costs, lack of storage facilities, underdeveloped and inflexible markets, and limited legal and regulatory frameworks. In addition, some commentators believe there may be a shortage of natural gas resources in the region. To provide insight on the latter, [1] use a Variable Shape Distribution (VSD) model to show that there is no forseeable shortage of gas in Asia Pacific.
The diamond shown in Figure 1 describes the approach of this paper. The center of the diamond represents Asia Pacific income and population, which has been increasing dramatically since 1965 ( Figure 2 ). The top point of the diamond shows historical and projected future energy consumption. The point to the right shows the historical and future fractions contributed by each primary energy source. The lower point shows actual and projected future consumption rates of natural gas. The question is whether there are enough volumes of gas and to supply the future consumption rates considered in this study. This is answered in the left point of the diamond that shows estimated gas endowment volumes estimated in [1] . [2] . Since 1965, the average increase in total energy consumption has been in the order of 10.9% per year. There is rapid demand growth at present and it is estimated that energy consumption per capita will rise to approximately 80 million BTU per year by the year 2030 (middle curve, Figure 2 ). The lower curve shows the actual Asia Pacific population from 1965 to the present and a forecast to the year 2030 [3] . This extrapolation gives a figure of approximately five billion people by 2030.
Global Energy Market (GEM) Model
The major focus of this paper is the point to the right of the square in Figure 1 , i.e., the modeling of the primary energy mix in Asia Pacific using the Global Energy Market (GEM) model [4] .
The GEM model is based on a model of binary technology substitution given by Fisher and Pry [5] , later used by
Where:
f is the market share of a competitior; t is time;
α is a slope parameter;
β is an intercept parameter;
The Fisher and Pry model says that if y = f / (1f), a semilogarithmic plot of y versus time should result in a straight line with a slope equal to α and intercept equal to β. This standard logistic substitution model gives a good match of historical primary energy mix data from 1850 to about 1970 ( Figure 3 ). After 1970, the actual data deviates from the model. This is due to intensive coal use that captured increased market share in Asia Pacific after the oil crisis of the 1970s.
We modify equation 1 to include the effects of deviation from linearity. As presented in equation 2, the GEM model is used to calculate the market fraction of an energy source that is generally declining with time (e.g.
solids)
:
Y GEM is a modified linear function; α and β are defined above for the Fisher and Pry model; t is time; ψ represents the approximate point at which a shifted straight line is developed; y s controls the separation from the straight line;
S is a severity exponent that controls the slope of the curve that separates from the straight line; y is the standard logistic substitution function presented in equation 1.
In total, there are five parameters that cause the GEM equation to give the best possible match of historical data.
Rearranging the left hand side and right hand side of equation 2 gives:
For an energy source with a market fraction that is generally increasing with time (e.g. gases), the numerator in the right hand side of equation 1 is multiplied by ψ. The parameters for the declining and increasing fractions of the market are not equal and have to be determined independently for each case. The market fraction of the liquids is calculated as the difference between 1.0 and the summation of the solids and gases fractions. 1 can also be used to analyze individual energy sources -e.g. coal and uranium, separately, in order to reflect shifts from coal based power to nuclear based power. The same holds true for individual liquid or gas sources.
Market Contribution of Solids, Liquids and Gases
However, data limitations exist for certain resources in Asia Pacific.
The actual consumption data in Figure 3 is based primarily on [2] and [8] . The calculated values are obtained from the GEM model, which uses nonlinear regression to estimate the parameters that give the best fit of the actual data. For the case of solids, the calculated curve was generated using the following parameters: in Asia Pacific will be provided by solids, 34% by liquids, and 20% by gases.
It is important to recognize that a good fit of the past is not necessarily a good indicator of the future.
Furthermore, non-uniqueness is an integral part of any history matching process. As a result, we are addressing uncertainties with a couple of alternative cases, as shown in Figures 4 and 5 . In the first alternative case (Figure 4) there is a significant increase in the contribution of solids, and a decrease in liquids, to the energy mix. The gas share increases very slightly. This comes from government regulations such as price setting that keeps natural gas prices artificially low. These low prices do not provide incentives for companies to invest in the upstream, midstream, or downstream segments of the industry. Increased coal subsidies further hinder the penetration of gas into the market. Government policies in the natural gas sector that limit foreign investment will also inhibit its contribution to the energy mix. In the second alternative case ( Figure 5 ) there is a slight decrease in the contribution of solids and a slower reduction of liquids. In this case, the gas share increases significantly.
Opportunities to increase gas penetration in the short term would mostly be found in the electricity sector. It the long term, possibilities may also exist in the transport sector. The increases in gas use could come from policies to respectively. Thus, specifying these modified linear functions is simpler than specifying a nonlinear bell-shaped equation for liquids.
address climate change, which are likely to favour gas in place of oil and coal. Some of these policies include indirect taxes on fuel and costs imposed on carbon emissions. By introducing a substantial cost on carbon, for example, the total cost of coal and gas becomes comparable, in which case relative prices determine the dominant fuel. Presumably this would increase the relative price of coal while encouraging investment in gas, which would lead to technological improvements in gas exploration, production and transportation. This would further induce substitution from coal towards gas by lowering the relative price of gas.
Gas Consumption Rates
Using the energy mix fractions presented in the previous section, it is possible to derive annual consumption rates for each energy source. This analysis corresponds to the lower point of the diamond in Figure 1 . For the reference case, annual consumption rates are calculated by multiplying total Asia Pacific energy consumption (upper curve in Figure 2 ) by the market fractions shown in Figure 3 . The reference case of natural gas, for instance, is given by the middle curve of Figure 6 . By 2030, gas consumption in the region will be nearly 80 trillion cubic feet (TCFG).
The lower and upper curves in Figure 6 correspond to the alternative cases presented in Figures 4 and 5 - approximately 50 TCFG and 120 TCFG, respectively.
Gas Availability
A key concern is whether or not there is enough natural gas to satisfy the consumption rates discussed in the previous section. This corresponds to the left point of the diamond in Figure 1 An example of the VSD results, for the case of conventional gas, is presented in Figure 7 , which shows actual and calculated sizes of gas endowment provinces. According to the USGS, gas endowment refers to the sum of known volumes (cumulative production plus remaining reserves) and undiscovered volumes.
The actual gas endowment for the lower curve corresponds to 77 petroleum provinces in the Asia Pacific region.
These volumes come from [9] . The total gas endowment estimated by the USGS (1100 TCFG) compares well with the 1101 TCFG calculated by the VSD model. The coefficient of determination (R 2 ) is equal to 0.99. Note that these volumes do not include reserve growth, tight gas sands, shale gas, coalbed methane, gas hydrates, and offshore provinces with water depths greater than 2000 m in some cases and 4000 m in others.
Once the model was validated, it was used to estimate the recoverable conventional gas volumes of the 290 provinces in Asia Pacific, out of which 213 had not been evaluated previously. The top curve of Figure 7 , generated by the VSD model, corresponds to 290 provinces and gives a gas endowment of 1437 TCFG.
These results indicate that there are enough recoverable gas resources in Asia Pacific to satisfy consumption requirements for the next several decades. This should provide sufficient time for the region to shift to other energy sources, perhaps unconventional or non-fossil.
Environmental Quality
The concept of the hydrogen over carbon (H/C) ratio, which can be used as a proxy for environmental quality, is presented in [10] and [11] . The GEM model has been used to calculate the Asia Pacific H/C ratio shown in Figure   8 . The calculation was carried out using the fractions of wood, coal, oil and gas (starting in 1900), and the following average H/C ratios: wood 0.10, coal 0.5, oil 2.0, and gas 4.0. Each of the ratios was weighted with the actual and GEM-calculated fractional contributions of wood, coal, oil and gas. The middle curve corresponds to the reference case, while the lower and upper curves correspond to alternative cases 1 and 2, respectively. Such regulations would make the economics of coal production favorable relative to that of natural gas.
Alternative case 2 suggests a slight improvement in the H/C ratio after the year 2020. This is the result of gases gaining market share in the energy mix. In alternative case 1, the H/C ratio continues to decrease until 2030 as solids maintain their dominance in the energy market. The GEM results also indicate that there could be potential for solids, but significant technological advances will be required to make these environmentally viable (and safe in the case of uranium/nuclear). In the GEM reference case, approximately 46% of the energy mix is provided by solids, 34% by liquids and 20% by gases in the year 2030. However, because the past is not necessarily a good indicator of the future, we have generated two alternative cases that show other scenarios of the future energy mix.
Conclusions
Results of this study can be used to assess challenges and opportunities in Asia Pacific as population, income, and energy demand continue to increase. An important outcome is that there is enough natural gas to satisfy demand beyond the year 2030. This presents significant opportunities for governments and corporations who have the means and will to increase natural gas use. 
